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ON THE QUESTION OF HEAT AND MASS TRANSFER AT THE
FORWARD POINT OF BLUNT BODIES IN THE PRESENCE
OF HETEROGENEOUS CHEMICAL REACTIONS

V. P, Motulevich

Consildered in the paper 1s the heat and mass -
transfer of a blunt body in an incompressible
fluid flow in the presence of heterogeneous

. reactions of the most general type occurring

. at finite rate. Analyzed are tle questions of
ignition and extinction, as well as the dependence
of the Intenslty of mass removal and surface_
temperature on the various parameters character-
1zing the body, the flow, and the chemical reac-~
tions occurring. '

The evolution of a number of new englneering fields has made it

necessary to. devote attention to convective heat transfer between a

' »fluid flow and body in the presence of chemical processes takling place

in the flow 1ltself and on the surface of the'body. This problem 1is

encountered beginning with the study of combustion processes and.ending
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wlth the interaction of bodies with flows of high veloclty and high - .

tenperature.

.;i A considerable number of papers dealing with these problems [1-3]
have- recently appeared ' L‘  A k AT

‘ The aim of the present investigation is a theoretical analysis of

the processes of heat and mass transfer, taking into'account hetero-_

geneous chemical reactions on the rate of which no restrictions are .

placed.

1. Formulation of the Problem

We shall consider a certaln plane or axlsymmetrical body in a
flow of multi-component gas A, capable of entering into a chemlcal
reactlion with the material of the body B, as a result of which a
gaseous product C is formed. Neutral gases‘may also be present in the
flow in addition to the reacting.components. , |

The body material is generally a finely dispersed mechanical
mixture conslisting of 1 components, the grains of which are sufficientlyv‘
small in comparison with the characteristic dimensions of the body. R

Because of the different rates of removal of ‘the 1ndividual ~compo-
nents of the body, the originally smooth surface of the latter may
become rough, whereupon the flow at the wall acquires a complex turbu-
lent character, thus making the problem exceedingly complicated,

The boundary layer surronnding the body_is'a,mplticomponent mikture
existing under conditions of concentration,'temperature,_and‘pressure
gradients. . .

Thus an anaiysis of the problem in an exact formulation even in

the case of laminar flow makes it necessary to consider the system

of complicated equations presented by Motulevich [4].

et s e e ¢
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In the present article a number of simplifications relating to-
‘the propertles of the gases and to the characteristics of the flow are
- Introduced, viz: ,'7 | , :
1. The flow oocurs;in.thevseighborhood of the forward éiitieai"

. P(Jint.‘ . e LT S :

2. he flow is laminar. |
. 5. The fraction of the surface occupied by the individual compo~

'nents of the solid material, Py = sl/s, does not change with time.»

4, The thermodynamic and gaskinetic parameters of the fluid are
cohstant, and the diffusion coefficients DK are the same for all compo-
nents of the mixture; Pr = Le = 1. - |

5. Only concentration diffusion 1s considered.

‘6. The wall 1s adiabatic. | |

T. The effect.of "contamination" of the surface by the reaction

products due to the adsorption of the latter, as well as the effect of

- the reaction's occurring partlally inside the'porous wall, are assumed"

', to be insignificant.

2. ‘Initial System of Equations

We.shall make the xéaxis pass along the contour of the body,
beginning at the forﬁard}point,'and make the y-axis perpendicﬁlar to
the x-axis. ‘

Then,-if'instead of x and y we introduce the new varlables.:

fdu, | aeEn ‘

. Gy} XY B o du, , . 1

=a(G )02(a+1.)' 1=y}/ —(E) e W
. ¢ . 7 -

: . o .
whereva = O for flat bodies and a = 1 for axisymmetrical bodies, while

(du /dx)O is the velocity gradient of an inviscid flow at the frontal
point, the momentum and energy equations for the boundary layer may be

converted to the form:

FTD-TT-63-310/1+2+% | 3=



' &= 1
T T =0,
R L u
f=- H T'=—, R
AN T L Ue ANF
}[?? ( dx,),(“‘““l) e e
‘ “i—- T—T7. T
n A .T_——T,, (5)

and all the variébles are functions only of n*{

Solutions to Eq. (2) may be obtained numerically for different
Ly (in partioular,lthis‘prOblém has been solved for the plane case
fby.Schlichting_[S], soﬂthatitho funotion f = f(n, fw) may'be‘consideréd
known) | S | .

. Equation (3) 1s solved in quadratures [5] from the solution 1t
1s .not difficult to obtaln

P . .

T, f
L)

fnye =G . (6)

°<__.—, 8

exp {

Sy

' tlSinoéfLe = 1, the temperafhro,ond}oonoontration ﬁrofiies'ére.
: gimilar, i.e., ' | . . - . . A
I . (T Tw),(Tw—-T)—(/‘ —/L,u,)/(/‘,a,—-/‘,_v), ' ' '(7)'

ijwhere ki 1s the’ part by weight of the 1—th component of the mixture.v
In general, each of the 1 components of the surface may take part

p‘in m1 reactions of the type

2"1"111“4 'Irrl 31 \ ,kmz Cs, . R (8)

¢

* Commonly uéed-notations and subéérints‘wiil'not be explainéd.
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where v are stoichiometric coefficients, and the subscripts i, k, and

1 pertain respectlvely to the initial and final gaseous products and

2

to;thebsolidrbody. Since‘the wall is adiabatic,‘we may write:

(e o)

here Tov is. the average heat of reaction of the surface material and

is determined by ‘the expression (r > O for an endothermic reaction):

S T A S WA (10)
. while ' S b
. . (;"U);: = ("' U)m[ /(f' :’:.. .
. (11)

The equation of the preservation of a component on the wall may

e ibe presented in the form

Y\ ’ - .
ay-).w—w\(p,\(pu) o @2

¥ (w) —w<

:.where 6 is the fraction of the substance A or-C’ generated in a

'reaction with a unit mass of the substance Bi’ for example
R ,,;,v,m,mh, L sy

'U‘nnere m is uhe molecular weight. | . i ,

~_«éi. The ra e of ceneration of a- substance on the surface during a

“t reaction is determined in the general case by the expression

| | | “\fmy 7Y

S R 2 N m ) . (l}l . .
o) e C b o] K k k-
T (""");r[ = xml n( L[p) . 1 - my . T N
. i i ni; . : . "

(%)

where'n-is the order of'the reaction;‘K'is the -equilibrium constant,

the temperacure dependence of which i1s assumed to be known; u 1s tha

temperature coefficient of the forward reaction, which may be determined

‘using Arrhenius' law

W) - @



where z 1s the kinetlc constant, and A 1s the actlvation energy.

Equations (1%) and (15) should in general be considered not as

absolutely rigorous equations but as expressions whose form character-

izes suf ficiently well the experimentally observed dependence of the

'rate of reaction on the concentration of . the reacting components and’

the temperature.

In addition, it should be noted that Eq. (13) is Str1c+1y valid
'only 1f the substance B1 generated in the. reverse reaction is com-

Apletely preolpitated on the surface.

Usinp the relationships presented it i1s possible through simple

'_“transformations to obtain a closed system of equations, the . solution

“to which will gfve the answer to all questions which can- arise within

':the framework of the ;ormulated problem.

. :(16)
—;("_—1)=_7av7__v . . . i :
ad C“,(T“',— o S . : R
B I R o
et T E R (48)
“ : : ' ' e av' ' ’ : . .. ’ ‘. . . N
Tmy = I X
B e
Ve )y
I__Km .k my ] _ . . .. . .,
X[ ’ n( o k‘_w)""z . ' (19)
B _'_ . 'i .m,-- ) : . .
) .""'z = (pV),, m
o (20)
N k=1, O . '
D (e
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where m 1s a dimensionless parameter characterizing a materlal-removal

-rate proportlonal to the quantlty supplled heats

}EE——-['G,—-:(qv)w/]/',u(du.‘/d.\')"‘;(a;{--l)z L (22')
7 is a parameter characterizing the material removal resulting from "f;
the chemical reaction. ' o . yr.‘_ n
- In the system presented thasolution to the differential equations

s necessary only inlorder to obtaln relationship (16), it being of
a universal nature and independent of the flow. and body parameterS‘ ‘
and “the kinetics of the reaction..”. = ' . o ‘ i
vThus the -problem reéduces essentially to the solution of a system .
of algebraic equations, a solution which can be found only by numerical

5 ,methods. . ' ’ o o : . G

5{}5. A Homogeneous Body in the Presence of One '

Irreversible’ Reaction

An analysis of the obtained system in-its: general form is diffi— -

B
kA

"'.cult it w1ll be simpler and easier to. visualize, iL we analyze it for

. hthe case characterized in the title of the present section. A number i
of the qualitative conclusions thus obtained will be of general signif-.:ig
:I:icance.' ' ) i . , . : |
In the case in question the initial system of equations is obtained
"uqffrom the: general system, in it we set ' .

E ¢z,?(?v);l;1; ’1\'....-,'-—-‘0,~ - . o '

. which-makes it“posSible’to'write:

| :_E==E(3; o - (16a)

.v 7=jf[[C,(va.—vT,_,)]. a . ' . (173_) -.

Ry = hy, F+0i)l'(.l + ;),' . : T ’ . 2 '
(18a) :

%={(k1.r+0)/1m'1+r; l]/m.( )(u+1)>( -
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re,

:

a) On the Limiting Values of Some of the Parameters. An-analySis'f

‘of the obtained system permits a number of preliminary conclusions to A

‘be drawn before solving the system~_ :
':'1.“ The concentration of the initial products at the wall does

ﬁ'ulnbt depend explicitly on the kinetics of the reaction, tne velocity

"'zﬁof the flow, the shape and dimensions of the body, etc., and for the *

x;.f:givai reaction 1s determined solely by the thermal head

'fg;@;"' ‘ ' 2 Since k > O according to (16a) and
ST (18a) there exists T IQ - é?4~ > 0 and
o s in feo

J@. a value mmax concomitant with it (Fig. i)

::=Fié'”1 . Solution=' T
. for-the ‘case ofian - .- ence of extremum value .of the temperatures

. Hendothermic reaction.~.

1“'rﬁ:the temperature of the ambient medium up to a: maximum in the case of
,xt“t['an exothermic reaction and to a minimum in the case of an endothermic

E f.reaction, these" extremums may be determined from the general formula _

it @)

pYi

‘_T—T-i—
- ﬂ'4 Since in the case. of an- endothermic reaction Tw min.
.can conclude from Eqs. (18a) and. (23) that in this case there exists

> 0, we-

ki r +0,c,T, : '
' k~=,'-mn-=——-“—~—p . )
oo r+e¢,T, . » (24’

b) On the Stability of the Solution. It follows from Eq. (20&)

that the solution corresponds to the point « intersection or tangency .

of the curves of the functions m = W(¥) (16a) and y* = y*(r) (19a).

-8~
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Syt =m. ‘ | ’ . (‘203,) K

S Equation (17a) attests to’ the exist— o

of the reacting surfaces. They may . vary from"



of all the possible solutions only the stable ones are‘of‘practi-
cal Interest; 1in the event of small deviations from them the system |
returns spontaneously to its original state.,;'f‘ .
L It is not- difficult to show that
S the stable regime exists 1f s

dmidr < d "*/dr (25)
In the case of an equality the solu-
tion will be stable only on the. side

‘where inequality {(25) 1s fulfilled.-

"~ Fig. 2. Solutions for the : ,
"case of an exothermic reaction. -c) The Possible Types of

A Solutions for exo- and endothermic
..'reactions are shown schematically in Figs. 1 and 2, _

The difference in the uehavior of the curves vE = 7*(*) 1s
explained by the fact that with an increase inT in the case of an
endothernﬁc reaction k (18a) and T also increase whi e in the case'
of an exothermic reactlon an increase in kw is aceompanied by . a decrease
:in T W 80 that the curve y* = 7*(r) passes through a maximum, ’
o As is apparent from Fig. i, in the case of an endothermic reaction

there exists only one . solution, it being a- stable one,
Presented in Fig.-Qvare five different variants-cf the'respective
positions of'the curves m.= m(T) and:y*:= v*(T). |
The first curve pertains to thei"cold",reaction regime. There
1s only one stable:solution (the point ci) - | | a
‘ On a curve of the second type two solutions are possible- a
stable 'cold" solution (point c2) and a "hot"- solutlon.(merged points

A'a and b2), stable only on the high-temperature side (extinction regime)

2
The third curve 1s the most general. Here three solutlons are

possible: a stable "hot" solution (point a3), an unstable "intermedi-

Zo-
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ate™ solution (point b3), and a stab1e~"coldﬁ solution (point 03)”

On a curve of the fourth type two solutlcns are possible- a !
.Stable "hot" solution (point au) and a "co1a" solution (merged points ;
b4 and 04) stable orly on the side of lower temperatures (ignition N vl\‘a'

tregime)

Finally, the fifth curve corresponds to the case 1n which there ;

exists only ‘the stable "hot™ solution (point a5)

‘ _ d). Ionition and Extinction Regimes are conveniently analyzed- with
. the ald of Fig. 2. ‘ |

é: : Let tbe 1nitia1 gas uemperature T, of the incident'flov be so

- low that the function 7* 7*(—7 is characterized bj a curVe of type
—1 - In this case there will exist one stable regime with.a low surface
{temperature and a. low mass—removal intensity (point ci)

It fol]ows from Eq (19a) that with an increase in T we will move -

A”,to the curves in Fig 2 that are of high numerica1 order.- In this case

~"“increase, remaining nevertheless relatively smal '.ine regimes will

- the. wall temperature and the mass»removal 1ntensity will gradually

f{be stable until we reach an incident-flow temperature Tig,<which , . g,grf‘
‘ corresponds to-a curve of type 4. f -'.,' L ..-_ N y ?j,.f
In this case it 1s enough for a sligbt accidental increase in

‘the temperature of the wall or flow to occur, and the heat - generation<

[

ldue to the reaction willl exceed the heat removal by heat conduction,
the wall will begln to heat ~up inteqsely, and the system will rapidly
«pass into a new stable s»ate, characterized by much higher values of
the surface temperature and. mass-removal inten51ty. Further increase
in the incident—flow temperature leads only to a slight increase 1n

these parameters.

-10-



Analogously, it is posslble to predict the phenomenon of extinc—
tion and to ‘introduce the extinction temperature T wh}ch correspends
to a curve. of type 2 ‘ o | _

 We should mention that, generally speaking, when the process does

e

"not take place dn ar unifo?m way ignition may also occur when T < Tigl
‘and extinction may occur when T > T

An analysis of‘Fig. 2 shows that the 1gnition temperature is
always greater than the extinction temperature ’ This can be seen
especiarly clearly along the hysteresis loop farmed when the wall
.temperatﬁre'ie plotted aS'a'functien Qf'the-incident;flow temperature,
In the case of a successive increase and deereasé in the latter (Fig;.
3). ‘ ; .
' '.”An,analysis of curvesjz and 3 in Fig. 2 1ndicates that in order

'-td»find-Tig and Téx it is necessary to solve the system of equations:
- L Emew, L  (26)
A =driE | " (21) -

i Evaruauing m and 7* with the ‘ald’ of Egs. (22)-and (192), we obtain

"equations in two unknowns- b3 and Tm, the.latter having two solutions
:of_which-the.greater corresponds to T1g

It feliows frem'the eduatione'presented that the ignition and

and the 1esserrto Teox
extinctlon temperatures are not only functions of the chemical charac-
teristics of the réacting substarices; the velocity and density of the
incident flow, ae well as the dimensione and ehape of the body in the
flow play an eseential role. ' ' o

We shall make use of Fig. 2 for a qualitative analysis of the
dependence of the transilent temperatures'on various‘parameters.

Obviously, if a change in any parameter leads to a move to a curve

v* = y*(T) with a higher numerical order (l.e., to higher values of ¥,

~11-



all other things being equal), then it will cause a decrease in the
flow temperatures corresponding to both translent regimes A decrease
in y¥* leads to the opposite effect A '
Thus an analysis of Eq. (19a) enables us. to determine the - causes.
of.an increase in the transient temperatures. These causes are~‘ :
1. An increase in (du /dx), i.e., an lncrease in the blow-off
veloclty a.decrease 1n the dimepsions of the body, and a streamlining
of the body. ‘
2. A decrease in the density ps Wwhen n > 0.5; and an 1ncrease
in it,-when n < 0.5. It should be noted that in our problem the effect
of a change in the density 1=, to some degree analogous to the effect
of a change in pressure for a flow of compressible fluid
' 3. A decrease in the kinetic constant z.
y, An increase in the activation energy A.
'5. A decrease in the absolute value of the heat of reaction r.
. 6,..A reduction of tne concentration of the initial component in
the incident flow Xk

ie*® )

n| | Tne reverse changes lead to a decrease

; in theignition and extinction tenperatures.
! e) Analysis of the Effect of Various :
o - Factors on the Baslc Characteristics.of the ?
‘ Flg. 3. Dependence Process. Usually the rate’of'disintegration Z
gﬁrzuﬁiagiogeggzgi;_ of the surface, lts temperature, and, to a ?
izzzgiizscxothermic lesser degree, the concentration of the initial';

components close to 1t are of the keenest i
practical interest. . . SR
The graphs plotted above and an analysls of Egs. (17a), and (19a),

and (22) enable us, in the majority of cases, to glve a qualitative

12~




(and when the plotting is aceurate a qualitative) answer to the questilon
- of the effect'of'the various parameters of the flow and of. the body
located 1n the flow‘on these .characteristics of the process.

For all types of’ reactions an increase In the. 1ncident;flow
";temperature leads to an increase in the mass removal and the surface
temperature and to a decrease in the concentration of the initial
products at the wall

An increase in density leads to an increase in the material
- removal; when n < 0.5, k;, lncreases and T iIncreases in endothernic
reactions; when n > Q.5, kiﬁ andrTw.hehave in the opposite way.
With an lncrease 1n (duw/d.x)O the material removal‘increases, and

kiw Increases, while Tw‘increases for endo- and decreases for exother-

mic reactions.
It should be remembered that we are not allowing for radiant heat
transfer which in some cases may play an appreciable role and even
»lead to qualitatiVely different results; 1n particular, in exothermic
" reactions with an increase.in the - blow-off velocity Tw may lncrease
instead of ‘decreasing.

' 'An'increase-in the'absolute value of'the heat of reaction 1n the
case of endothermic reactions leads to a decrease in material removal,
an increase in k. iw? and a decrease in T the variation In these
parameters i1s Just the opposite for exothermic reactlons, .

Aniincrease In the kinetic constant z and a decrease in the actl-
vation energ& A always cause an increase in materlal removal, a.decrease
in kiw’ and an lncrease in the wall temperatureAfor exothermic reactlions
and a decrease_in Tw for endothermic reactions. 7
. An increase 1n the concentration of the initial components 1n an

undisturbed flow leads to an lncrease in materlal removal, .and a

FTD-TT-63-310/1+2+4 13-
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decrease in T& in the case of endothermlc reactions and‘aﬁ increase 1n
Ty for exothermlc reactlons; as regards kiw’ it 1nqreases~duripg endo-
thermlc reactlons, but it is impossible to determine the-h;}ﬁpevof
its variation during exothermlc reactions until acpual‘qualitétive‘

R

calculations are performed.

k¥, The Effect of Reverslbility of Chemlcal Reactions

when reversible reactions take place, the initilal sysﬁem of
equations remains thé éame. The‘only differgnce will_be that In place
of y* determlned from Eq.l(;9é), 1t will be necessary to take %
(Eq. 19)) and also to- supplementarily use the known dependénce of the

equilibrium constant on the temperature.

* The technique of énalyzing the system and the principal qﬁalitative :

conclusions remain the same.

From Egs. (19) and (19a) it follows that .

| ‘ < - (28)

An analysis of Figs. 1 and 2, together with.inequality (28), shows
that taklng reversibiiity into account in reactions of any fype leads
to a deérease in the material removal and an Increase Iln kiw‘ As
regards Tw’ it increases in endothefmic reactions and decreases in
exothermic reactions.. , ‘ .

By considering the 1gn1ti6n and extinction temperatufes,’1£ is
ﬁot difficult to show'that taking reversibllity into account leads to

a certaln increase in thelr values.

FTD-TT~63-31.0/1+2+}4 -4
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